Propagation of short pulses in birefringent optical fibers is considered in the framework of two coupled nonlinear Schr8dinger equations. When the amplitudes of the pulses belonging to different polarizations are equal, we propose a simple analytical explanation of the amplitude threshold for the capture of two partial pulses into a coupled two-component pulse. Our approach is based on a soliton phenomenology. The analytical dependence of the amplitude threshold on linear birefringence is in good agreement with numerical results of Menyuk [J. Opt. Soc. Am. B 5, 392 (1988)]. The influence of small dissipative losses on the effect is also discussed.
INTRODUCTION
It is well known that solitons may be observed experimentally in single-mode optical fibers.' Solitons are nonlinear pulses that propagate without broadening in the anomalous dispersion region and may be described by the nonlinear Schriidinger (NLS) equation. 2 In most theo retical work related to the study of soliton propagation in optical fibers it is assumed that single-mode fibers actually contain only a single mode. In general, this is not true; single-mode fibers are really bimodal because of the presence of birefringence. Birefringence can lead to pulse splitting, which would be objectionable in applications for solitons in communications.
The propagation of solitons in birefringent optical fibers has been discussed in a number of papers.'-In particular, Menyuk 3 considered soliton propagation in birefringent fibers in the framework of the model described by two nonlinearly coupled NLS equations. In this analysis, the two polarizations were assigned different group velocities, and the rapidly oscillating terms arising from the nonlinear polarization were ignored. In subsequent papers 5 7 Menyuk studied numerically the localized pulse evolution in the framework of this model. The most interesting effects arise in the case of different group velocities. 5 7 In particular, while linear birefringence leads to a substantial splitting of the two polarizations because of the different velocities, Kerr nonlinearity leads to a strong interaction between the partial pulses in each of the polarizations. When the amplitudes of the partial pulses in each of the polarizations are equal, Menyuk 5 found numerically that, above a certain amplitude threshold, whose size increases with birefringence, the two partial pulses lock together and travel as one twocomponent pulse.
In this paper the numerical results of Menyuk 5 ' 7 are explained in the framework of a simple soliton phenomenology. Using Menyuk's simplified model, which is described by two coupled NLS equations without rapidly oscillating terms arising from the nonlinear polarization, we develop an adiabatic approach to describe nonlinear intermode interactions of the soliton pulses. Our calculations are based on the Lagrangian formalism, which considers the soliton pulses as effective particles. Such an approach ignores radiative effects produced by soliton interaction. According to the phenomenology of the perturbation theory for solitons," radiative effects are important when the adiabatic approximation does not result in soliton interaction. They play an important role in the NLS breather dynamics in optical fibers (see, e.g., the discussions in Ref. 11) .
Here the principal effects may be considered in the adiabatic approximation, and this approximation gives rise to good agreement with the numerical calculations, at least for a small birefringence parameter. In the framework of the Lagrangian approach, the soliton dynamics is described by simple equations for the soliton parameters, which are the same as the classical mechanics equations for an effective particle. We calculate the effective interaction potential for the particle and calculate the threshold for the capture of the particle by the potential. The threshold is connected with the amplitude threshold for the capture of two partial soliton pulses in a coupled state. Using results of the inverse-scattering transform for soliton generation, we demonstrate that the analytical dependence of the amplitude threshold on linear birefringence has a gap at 5 = 0, and it is in good agreement with the numerical results of Menyuk. Additionally, the influence of dissipative losses on the effect is also discussed, and it is noted that the losses lead to a splitting of soliton bound states in separate polarizations.
SOLITON CREATION FROM SYMMETRIC INPUT PULSES
Pulse propagation in a birefringent optical fiber is described by the coupled NLS equations 3 ', 7 au+ a + 2 Let us consider the complete problem [Eqs. (1) and (2)] at 8 = y = 0. We assume that the above results will also be true for the system of two coupled NLS equations when For the input two-component pulse is symmetric. In particular, the Eqs. (1) and (2) have the soliton solution
The functions u and v describe the wave amplitude envelopes in the two polarizations, y is the dissipative coefficient, and is the relative group velocity of two modes determined by the birefringence, a 1 /2(Vg'--Vg2'), where Vgj and Vg2 are the corresponding group velocities. In Eqs. (1) and (2), rapidly oscillating terms are neglected; these terms are not important in the effects considered in Refs. 5 and 7 and in the present paper.
Menyuk studied Eqs. (1)- (3) numerically with the initial conditions that
which is a bound state of the partial pulses. According to the above results for Eq. (5) 
where the angle'a determines the relative strengths of the partial pulses in each of the polarizations. In this paper we consider analytically a simple case, a = 450 (see
reserving the more general case for discussion in a later paper.
In the case 5 = 0 and y = 0, Eqs. (1) and (2) have the exact solution u = v, which is the solution of the NLS equation
where V = VI7V+u = /f 7 7 v. It is well known that the NLS equation (5) is exactly integrable by the inversescattering transform.' 2 In particular, the simple application of the inverse-scattering transform to the Cauchy problem for Eq. (5) with the input pulse (initial condition)
demonstrates' 3 that, for B < 1/2, solitons are absent, but for B 2 3/2 the input pulse [Eq. (6)] will evolve into manysoliton oscillating states. The NLS soliton
will be created by the initial pulse [Eq. 
INTERACTION ENERGY OF SOLITONS
For another relation between u and v we do not have the solution of Eq. (8), but we may investigate the dynamics of the more general solution approximately by using the Lagrangian approach (see, e.g., Refs. 14 and 15). In the variational Lagrangian approach the NLS equations are restated as a variational problem in terms of the Lagrangian L:
where for the system of Eqs. (1) and (2) the Lagrangian, L, has the form
In order to analyze the dynamics of the perturbed soliton pair [Eq. (8)], we use a reduced variational principle, in which we treat LV as a perturbation. We find the corresponding solutions to the Lagrangian approach [Eqs. (11)- (14)] in the form
where the indices j = 1, 2 correspond to u and v polarization, respectively. Evolution of the parameters 77j, C, Dj, and j may be found from the Euler equation
aa dz (aa az (16) where a stands for the above-mentioned soliton parameters and (L) is a time-averaged Lagrangian, (L) = (La) + (Lv) + (LUU), defined as
Uint(A) = -56E+
A 2
15( + e) (27) and it describes relative oscillations of the soliton positions with the frequency 
15.(1+ E)
Substituting Eq. (15) into Eqs. (16) and (17), with Eqs. (11)- (14), we obtain the following equations for the soliton parameters: 
where the parameter A is the relative distance between the polarization maxima (see Fig. 1 ). 
and it is defined by the soliton amplitude (see Fig. 2 ).
INFLUENCE OF BIREFRINGENCE
The presence of linear birefringence leads to the difference in the group velocities of two polarizations (8 • 0). As a result, linear wave packets produced by a symmetric input pulse [Eq. (4)] will move in opposite directions with the velocities ±8, and the input pulse will be decoupled. Indeed, forA << 1 we may use the linear version of Eqs. (1) and (2), i.e., the decoupled equations, and may present asymptotically the solutions corresponding to the input pulse [Eq. (4)] in the form 
where U. is defined by Eq. (29). Taking into account the relation between Y7 and A in accordance with Eq. (9), we obtain the threshold amplitude of the input pulse, Athr, as a function of the birefringence, : The function Athr(S) is depicted in Fig. 3 as a solid curve. The initial point of this curve (at = 0) corresponds to the condition A = A(0) 0.55 at which a NLS soliton may be created by the initial pulse u(0, t) = AV(1+ E)/ 2 sech t. For A A(0), solitons are absent, and splitting the polarizations should be observed.
In the same figure we present the results (filled circles) of the direct numerical simulations of Eqs. (1) and (2) published by Menyuk 5 7 for the case of equal amplitude of two polarizations. A comparison (see Table 1 ) gives rather good results for 3 < 0.75 (or for A < 1.5), and numerical points lie above the analytical curve. This difference has a simple explanation. Our analytical approach deals with solitons only, and not with the linear wave packets, which are also produced by the same input pulse. For A(0) < A < 1 the input pulse [Eq. (4)] produces solitons with rather small amplitudes and large durations (',-' >> 1), and additional linear waves do not affect the soliton interaction predicted by the polarization overlap. For larger amplitudes A solitons with small durations, 1, are created, and in this case the influence of the generated linear waves is more pronounced. That is why the numerical points for the amplitude threshold are larger than those obtained from a simple soliton approach. The difference between the -analytical and numerical dependences increases for larger , because the threshold amplitude approaches another critical value, A = 3 -2.32, above which two-soliton oscillating states will be created by the It is also interesting to compare other characteristics of the bound soliton motion in birefringent fibers, e.g., the frequency of the internal soliton oscillations. Figures 2(a) of Refs. 5 and 7 show the duration between the soliton maxima as a function of the distance along a fiber. At = 0.5 the curve corresponding to A = 1.2 oscillates with the period T 13.2, i.e., the spatial frequency of the oscillating motion is co 0.47. According to our analytical formulas, at the same values of 8 and A we may obtain t = A\5176 -1/2 0.5, and, from Eq. (28), co = 0.59, which is in reasonable agreement with the numerical result of Menyuk. The difference is not surprising because the oscillations that Menyuk observed numerically do not occur near the bottom of the potential well Uint(A). The frequencies of anharmonic oscillations depend on the initial energy of the oscillator, i.e., on the birefringence parameter 8 instead of the result in Eq. (28).
Therefore, from the physical viewpoint, the evolution of the input pulse [Eq. (4) The intermode coupling of pulses in multimode optical fibers was discussed first by Hasegawa. 6 In particular, using an elegant analogy based on quantum mechanics, Hasegawa easily obtained a condition for the trapping of an optical mode of a multimode optical pulse by other modes in the presence of differences between the modes' group velocities. In our notation Hasegawa's result may be written as (28)2 < 2(Iu12 + JV12), (36) where Jul 2 and IV1 2 are, according to Hasegawa,' 6 the maximum intensities of the modes. Substituting our data for the system of Eqs. (1) and (2) into inequality (36), we obtain the following threshold dependence:
which is shown in Fig. 3 as a dashed curve. It is easy to see that the dependence has the correct qualitative character, but it has no gap at 8 = 0, which in fact would be observed in numerical calculations. Therefore formula (35) takes into account the soliton character of the polarization pulses and, as a result, is in good agreement with numerical data. Our analytical approach may also be used for dissipative fibers when y • 0 in Eqs. (1) and (2) . It is well known that the dissipative losses lead to exponential decreasing of the NLS soliton amplitude:
Equation (38) means that the value Umax will also decrease along a fiber. Therefore, inserting Eq. (38) into the threshold relation Ekin = Um., we find that for z > z, where Z* (2y,)-l n[ 4() 31E) the bound state of the partial solitons will split, and these pulses will move as linear wave packets. To compensate for the loss-induced decay of the coupled soliton states, one needs to use the Raman gain periodically situated along a fiber (see, e.g., Ref. 17) . According to numerical simulations by Menyuk, 7 one must satisfy the condition > 0.42 before the splitting can be observed numerically because of dissipative losses. These numerical simulations indicate that finite y has an effect on whether a pulse splits only if the pulse parameters are close to the splitting threshold. We believe that the results demonstrate more complex dynamics of the interacting solitons in the presence of dissipative losses, instead of the simple one-soliton formula (38).
Our approach may also be applied to study the influence of rapidly oscillating terms arising from the nonlinear polarization.' (AS)
